The properties of iridium oxide pH sensors produced by electrochemically induced deposition on gold electrodes were examined as a function of the composition of the deposition solution, as well as the electrochemical deposition protocol. The composition of the Ir͑IV͒ deposition solutions, which included oxalate or ethylene diamine tetraacetic acid complexing agent or no complexing agent, had no effect on the slope of the calibration curves. The slope of the calibration curves was shown to increase from ca. 49 to 76 mV/pH unit with the fractional coverage of gold substrates with iridium oxide. Increasing the film thickness beyond the full coverage did not further increase the slope of the calibration curves but resulted in a progressive increase of their intercept values. The method of deposition, which involved a constant current, single potential pulse, alternating potential pulse, or cyclic potential protocol, affected the maximum rate of pH response as well as the capacitance of the iridium oxide sensors. The latter two properties of the sensors were investigated using a microelectrochemical time-of-flight method with galvanostatic proton generation and potentiometric sensing. The alternating potential pulse and cyclic potential methods produced films of smaller rate of pH response and of smaller capacitance relative to the iridium oxide films of the same thickness produced by the other two methods. This is likely due to a smaller microscopic porosity of the films prepared by the potential pulse and cyclic potential methods. The maximum rate of pH response obtained with 50 nm thick iridium oxide sensors varied from ca. 7 to 23 V/s. The specific capacitance of the iridium oxide films varied from ca. 900 to 9000 F/cm 3 .
Determining the pH of solutions is important in many fields, from industry to basic chemistry and biology. The most widespread method of measuring the pH of a solution is using a pH electrode. Most pH electrodes are glass membrane electrodes. However, these electrodes are not readily amenable to miniaturization, and thus other materials are being widely investigated for use in miniature, lithographically fabricated devices involving pH sensing.
1,2 Among the most popular alternatives is iridium oxide.
Iridium oxide sensors have many advantages; they have fast response times and are not prone to chemical interferences. They are stable over long time periods and are relatively inert. 3 They have been shown to function under high pressure, at high temperatures, in nonaqueous solutions, and even in media containing HF. [4] [5] [6] [7] [8] [9] [10] They are sufficiently innocuous to be used in in vivo applications. 11, 12 Finally, they can be prepared electrochemically on noble metal electrodes, making these sensors ideal for microfabricated devices.
Despite these advantages, there are some drawbacks and considerable inconsistencies in the literature regarding iridium oxide. Some of the drawbacks can include redox-induced drift ͑e.g., "oxygen drift"͒ and a somewhat unpredictable response ranging from 59 to 90 mV/pH unit. Many of these inconsistencies can be at least partially reconciled by understanding the variation within different types of iridium oxide sensors. These can be classified as one of two types: hydrated or anhydrous. Anhydrous or, more correctly, low hydration iridium oxide sensors, are denser and more crystalline, and are usually created in procedures involving heat-treatment or sputtering processes. These electrodes generally exhibit a Nernstian response of ϳ59 mV/pH unit. Because of the high temperatures required to create them ͑600-800 K͒, anhydrous iridium oxide sensors are not suitable in many microfabricated devices, with the exception of sputtered devices. [13] [14] [15] sputtered iridium oxide films ͑SIROFs͒ can be fabricated into metal oxide semiconductor fieldeffect transistor-type devices to overcome some of the redox drift and produce a standard 59 mV/pH unit response. 16 Unfortunately, there are several instances where SIROFs are not practical to use due to cost or device compatibility ͑particularly when proteins or lipid layers are incorporated͒.
Hydrated iridium oxide sensors, often called anodic iridium oxide films ͑AIROFs͒, are formed in aqueous media. This results in amorphous films with varying hydration and relatively high internal microporosity and, thus, low densities. There is a large variety within hydrated iridium oxide layers in terms of their pH response ͑60-90 mV/pH unit͒, stability, and compatibility with microfabrication devices. 17 Additionally, a variety of deposition solutions containing iridium oxide complexes and numerous experimental procedures creating AIROFs from iridium solutions are reported in the literature. [18] [19] [20] [21] [22] [23] Two types of deposition solutions can be found in the literature: those that do and do not involve oxalate anions as ligands complexing Ir͑IV͒. Oxalate-based deposition solutions are the most commonly used and were introduced by Yamanaka 18 in 1989 and later modified by Petit and Plichon. 24 In both procedures, an aqueous iridium chloride salt, either iridium ͑IV͒ tetrachloride ͑Yamanaka͒, or potassium hexachloroiridate ͑III͒ ͑Petit͒ are the starting materials. Oxalate is then introduced in a 10:1 ͑Yamanaka͒ or 5:1 ͑Petit͒ molar ratio relative to the iridium species and serves to increase the stability of the iridium complex. The solution is made basic ͑pH 10-11͒ using potassium carbonate and allowed to develop over at least two days, changing from a light yellow or green to a deep blue. Once prepared, the solution is stable for several months. Deposition is carried out via an oxidative process, usually following a constant current or a constant potential protocol. The proposed mechanism of IrO 2 deposition is oxidation of the carbon-carbon bond in the oxalate ligand, producing insoluble iridium ͑IV͒ oxide and carbon dioxide. There is some support for this because carbon dioxide has been observed as a product of the decomposition of trisoxalatoiridate ͑IV͒, but there are no confirmed reports of mono oxalate complexes, as Yamanaka claims to have made, only bis and tris complexes.
There are two principal examples of deposition solutions made without oxalate ligands. Yoshino et al. used a mixture of sulfanatoiridate complexes, predominantly anhydrous iridium ͑III͒ sulfate, which is dissolved in deionized ͑DI͒ water to saturation and left to stir for a week. 25, 26 A color change is observed from pale green to deep blue, which is consistent with the conversion of a polynuclear polysulfanoiridate complex to an aquasulfanoiridate. 27 Using this solution, the electrodeposition involved a reduction followed by an oxidation step. Other authors who used this procedure commented that the solution was unstable after deposition. 18 Baur and Spaine introduced a similar deposition solution. 19 They began with either iridum ͑III͒ hexachloride or iridium ͑IV͒ hexachloride, which they reduced to iridium ͑III͒ under ethanol flux. A color change from light olive green to light brown for the iridium ͑III͒ complex and dark reddish brown to light brown for the iridium ͑IV͒ complex was observed. This corresponds to the substitution of two water molecules for two chlorides ions, forming a di-aquo complex. 28 In order to prepare the deposition solution, the pH is brought to ϳ13 with sodium hydroxide, which is supposed to convert the iridium complex into a soluble hydrated iridium ͑III͒ oxide. Once the base has been added, the solution must be used immediately because it deteriorates in hours. According to the authors, any oxidation agent will convert the iridium ͑III͒ to iridium ͑IV͒ and the hydrated iridium oxide will precipitate out. However, hydrated iridium ͑III͒ complexes are generally less soluble than iridium ͑IV͒ complexes. 29 Additionally, many aquo/hydoxyl complexes, including hexahydroxyiridate ͑III͒ and ͑IV͒ and hexaquoiridate ͑III͒ and ͑IV͒, are known to form and remain soluble in alkaline solutions, with the exception of nonhydrated iridium ͑III͒ trihydroxides, which raise some doubts as to the reported deposition mechanism. 27, [30] [31] [32] In addition to several deposition solutions, multiple deposition procedures have been reported. Yamanaka and Petit both used constant current deposition methods, with current densities ranging from 35 A/cm 2 to 0.3 mA/cm 2 , and deposition times ranging from 60 to 10,000 s. 18, 24 Alternatively, constant potential procedures can be envisioned, and various such procedures were tested. Baur and Spaine, 19 Yoshino et al., 25, 26 and others have used pulsed potential depositions, switching between potentials at which deposition occurs rapidly ͓0.6 V vs saturated calomel electrode ͑SCE͒ or higher͔ and more negative potentials ͑−0.5 V or more negative͒ with pulse lengths and numbers varying widely, depending on the electrode being prepared. Similar to pulsed depositions are potential sweep methods, or the cyclic growth deposition procedures that involved similar potential limits to those used in the pulsed methods. Overall, interest in different deposition solutions and methods stems primarily from the differences observed in the pH response of the resultant iridium oxide layers. 24 The goal of the work reported below is to systematically investigate the effect of solution composition and deposition methodology on the properties of iridium oxide pH sensing materials. We investigated several iridium solutions containing oxalate or ethylene diamine tetraacetic acid ͑EDTA͒ complexing ligands, as well as phosphate buffer alone. We tested four different electrochemical deposition protocols involving a single-step constant current, and constant potential methods, as well as pulsed potential and cyclic potential growth methods. Within this scope, we controlled the thickness of the electrodeposited oxide films and determined the slope of the pH response in the range of pH 2-12, the rate of pH response, and the capacitance of the various iridium oxide materials. We found that the Nernstian slope of the pH response is essentially independent of the deposition method, although other AIROF sensor properties, such as the rate of response and the observed capacitance, do depend on the deposition procedure as well and the thickness of the oxide layer. The sensor response rate and capacitance were measured by our microelectrochemical time-of-flight method with galvanostatic ion generation and potentiometric sensing ͑P-ETOF͒. The basic principles of this method are outlined below. A detailed description of P-ETOF can be found in the literature.
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Experimental
Reagents.-Nanopure water was obtained using a threecartridge Millipore purification system. Potassium chloride, sulfuric acid ͑reagent grade͒, hydrogen peroxide ͑30%͒, perchloric acid ͑70%͒, acetone ͑reagent grade͒, and potassium carbonate were supplied by EM Science. Lithium perchlorate ͑99.99%͒, oxalic acid ͑99%͒, and EDTA were supplied by Aldrich. Iridium ͑IV͒ chloride ͑99.95%͒ and cesium nitrate ͑99.99%͒ were supplied by Alfa Aesar. All chemicals were used as received.
Iridium oxide deposition procedures.-Electrochemically induced iridium oxide deposition was carried out following the Yamanaka procedure. 18 The same procedure was used when EDTA replaced oxalate ions as the complexing agent. Additionally, deposition solutions were made from both iridium ͑III͒ and iridium ͑IV͒ chlorides without any ligands, using potassium hydroxide, potassium carbonate, or sodium phosphate to adjust the final pH to ϳ11. The deposition solution was 4 mM IrCl 4 with a tenfold excess of oxalic acid or EDTA. The pH of the solution was adjusted to 10.5 with K 2 CO 3 . The resulting solution was allowed to stabilize over two days at room temperature. Two types of gold electrodes were coated with iridium oxide films: macroelectrodes, 0.20 cm 2 in area, made by Au vapor deposition on a thin ca. 5 nm adhesive layer of vapor-deposited chromium on glass substrates, and ca. 10 m wide, 2 mm long photolithographically fabricated microelectrodes. The latter type was used in electrochemical time-of-flight ͑P-ETOF͒ devices described below and in our previous reports. 34, 35 In both cases, the working area of the electrode was defined and electrically isolated with a polymer resin. The iridium oxide deposition was carried out using either a constant potential, constant current, multiple pulsed potential, or cyclic potential method. In constant current depositions, a current density of 0.2-0.3 mA/cm 2 was applied for 60 s to 10 min, depending on the desired thickness of the oxide film. In constant potential depositions, the electrode was generally held at 0.6-0.7 V vs SCE for a desired time. Pulsed potential deposition method typically alternated the electrode potential between 0.7 V vs SCE and −0.5 V with pulse lengths of 0.25 s over 100-10,000 cycles. Hydrogen evolution was postulated to take place during the negative half of the cycle preventing excessive decrease of pH. 36 In potential cycling depositions, the potential was cycled between 0.7 and −0.5 V vs SCE at a rate of 5-10 V/s for microelectrodes and 1-2.5 V/s for macroelectrodes over 100 to several thousand cycles. After AIROF deposition, the electrodes were stored in DI water. This led to a response of 79 mV/pH unit as described elsewhere.
37
Electrochemical time-of-flight experiments.-A detailed description of this technique can be found in the literature. [33] [34] [35] 38 In the present work, we relied on the open-face mode of proton P-ETOF. A schematic design of a device is shown in Fig. 1 . It consisted of two parallel, lithographically fabricated gold microelectrodes on a glass slide. The electrodes were 10 m wide and ca. 2 mm long, functioning as generator and sensor. Conventional counter and reference electrodes were used but are not shown in Fig.  1 . The typical interelectrode gap was 20, 50, or 100 m. Protons were generated from aqueous solutions via electro-oxidation of water on an unmodified gold microelectrode using constant current in a range of 1 A to 1 mA. The sensor microelectrode was modified with an iridium oxide film of desired thickness produced by one of the four methods outlined above. The electrode assembly was im-G S G S Instrumentation.-Electrochemical experiments were carried out using a CH Instruments model 660B electrochemical analyzer. Recording of P-ETOF transients was made possible through dualchannel recording during chronopotentiometric experiments. The generator was directly controlled, and the open-circuit potential was monitored at the sensor electrode. This instrument had a 10 kHz sampling rate and better than 0.5 mV resolution.
Results and Discussion
pH response.-As discussed above, several solutions of different compositions were reported in the literature for depositing iridium oxide films. It has been commonly postulated that the presence or absence of oxalate ions is of fundamental importance, affecting the properties of the AIROF films. To test this hypothesis, we carried out electrochemically induced deposition of iridium oxide films on gold substrates following the Yamanaka procedure 18 using either oxalate or replacing it with EDTA ͑see Experimental section͒. In the third set of experiments, neither of these complexing agents was used, and a pH of 10.5-11.0 of the deposition solution was obtained with either trisodium phosphate, potassium carbonate, or KOH. Subsequently, the calibration curves of the AIROF sensors were recorded. As can be seen in Fig. 2 , the presence or absence of oxalate in the deposition solution does not change the response of the sensors if the devices are made in an otherwise similar fashion. A statistically identical slope value of 79.1 mV/pH unit was obtained in the presence of ETDA, oxalate, and phosphate ions. The intercept values of 722, 759, and 830 mV, respectively, correlated with the thickness of the oxide film as shown below. The only notable difference between these solutions was the fact that the solutions in which KOH was used deteriorated quickly after use, similar to the solutions made by Baur and Spaine. 19 On the basis of this, it is likely that the deposition solutions all produce a similar iridium oxide layer. Another interesting observation along these lines is that, independent of the ligands present initially or added in the process of making the solution, all iridium oxide deposition solutions are a deep blue or purple color in their active form. This is consistent with at least a diaquo hydration state of Ir͑IV͒ species. Aside from the procedures documented in the literature, EDTA containing solutions resulted in blue-purple solutions, consistent with a diaquoiridate ͑IV͒ complex, whereas solutions without ligands all contained a strong base, which is known to produce a stable hexaaquoiridate species. [30] [31] [32] 39 If the different solutions produce very similar if not identical type of iridium oxide films, then a natural question to ask is whether they do so via the same mechanism. As previously mentioned, the oxalate-containing solutions are supposed to function via the oxidation of the oxalate ligands, resulting in an insoluble compound that then precipitates onto the electrode. However, for all deposition solutions, including those containing no ligands other than hydroxide ions, the AIROF deposition took place at similar potentials, suggesting that the mechanism is indeed the same. Between the various solutions, the only common oxidizable species are iridium and water. Most deposition solutions contain iridium ͑IV͒, and although oxidation to iridium ͑V͒ is possible, it is not likely as iridium ͑V͒ typically exists in concentrated ͑2 M or higher͒ acid solutions at potentials in excess of 1.6 V ͑vs a normal hydrogen electrode͒. 32 It is therefore reasonable to postulate that water is the species undergoing oxidation. However, only water coordinated to Ir͑IV͒ fits the experimental evidence: in constant potential depositions, stirred solutions showed a limiting current twice as large as that obtained in unstirred solutions with both micro-and macroelectrodes.
If coordinated water is being oxidized, then the mechanism for AIROF formation likely involves the oxidative release of a proton followed by the formation of oxy or hydroxy bridges between iridium complexes, resulting in a loose polymeric network that precipitates at the electrode. This type of bridged iridium complex has been described in the literature. 40 Next we examined the effect of the specific electrochemical protocols used in AIROF electrodeposition. Single-step constant potential and constant current methods, as well as pulsed potential and cyclic potential sweep methods described in the Experimental section were used. As can be seen in Fig. 3 , the pH response of the resulting AIROF ͑79 mV/pH unit͒ is independent of the deposition method and the thickness of the deposited film. The latter, however, determines the intercept of the calibration curves.
We also observed that increasing film thickness progressively results in less uniform and more fragile films, particularly when produced by the galvanostatic method. In comparison, the three controlled potential deposition methods create layers that are more uniform and exhibit better adhesion. Of the three, the constant potential procedure is most suitable for preparation of the thickest layers. An interesting feature of this procedure is that it allows one to roughly determine the time at which a complete iridium oxide layer is formed. The results of the experiments examining the effect of the oxide film thickness are shown in Fig. 4 . Figure 4a shows a typical current-vs-time trace recorded during a constant potential deposition run. The initially high current ͓which we postulated is due to the reduction of water coordinated to Ir͑IV͔͒ decreases rapidly during the first several seconds of the experiment as a result of the decreasing surface area of gold electrode that is progressively coated with iridium oxide. A current minimum is observed after ca. 40 s, which corresponds, we postulate, to elimination of uncoated gold substrate and formation of a thin, continuous iridium oxide film. This postulate was supported by microscopic examination of the electrode surfaces and by profilometric traces recorded at various stages of deposition. 37 Subsequently, as the thickness of the microscopically porous film increases, the current begins to increase and this trend continues until the end of the deposition process ͑ca. 10 min in Fig.  4a͒ . We define the time necessary to deposit a full, continuous film of iridium oxide, or the time of the current minimum as T. Next we examined the pH dependence of the AIROF sensors produced by the constant potential deposition carried out between 0.4 and 1.5 T. These calibration curves are shown in Fig. 4b . It is interesting to note that as the deposition time increases between 0.4 and 1 T, the slope of the calibration curves increases from 49 to 76 mV/pH unit. The three AIROF sensors of the highest thickness ͑obtained in the depositions of 1, 1.2, and 1.5 T͒ exhibited the same Nernstian slope of 76 mV/pH unit. This set of experiments further substantiates our hypothesis that the pH response ͑the slope of the calibration curves͒ depends on the quantity of the deposited iridium oxide in the range where the latter does not form a continuous film. As the deposition time increases beyond 1 T leading to the progressively greater film thickness, the intercept also increases as noted above ͑see Fig. 3b͒ .
Capacitance and the rate of pH response.-The maximum rate of response of sensor electrodes was examined using P-ETOF ͑see Experimental section͒. This technique allows us to control the rate of diffusion of protons toward an AIROF microsensor by controlling the magnitude of the current pulse applied to the generator microelectrode. In most cases, the rate of pH change recorded at the iridium oxide microsensor is slower than theoretically expected when only the time-dependent, diffusion-controlled concentration of H + ions at the microsensor surface is taken into consideration. As discussed below, this is due primarily to a finite capacitance of AIROF microsensors. 34 However, we do observe an increase in the rate of the potential change of microsensors with an increasing generation current. The slope of the E vs t transient that no longer increases upon an additional increase of the generator current is then interpreted in terms of the maximum rate of response.
A typical series of P-ETOF E vs t transients recorded to determine the maximum rate of response of two AIROF sensors is shown in Fig. 5 . Clearly, as the current generating H + ions is increased the recorded E vs t transients become steeper. Their slope no longer increases when the generator current is ca. 1 ϫ 10 −4 A or greater. It is also apparent that the maximum rate of response depends on the thickness of the iridium oxide layer. Using this approach, we measured the maximum rate of AIROF response as a function of the film thickness for the microsensors produced by each of the four electrochemical methods discussed above ͑Fig. 3͒. These results are summarized in Fig. 6 . It is apparent that regardless of the electrochemical protocol used to produce AIROF sensors, thinner films yield fast response. Also, in all cases, a plateau of low response rate is obtained in the range of high film thicknesses. A careful analysis of the data in Fig. 6 further shows that while the plateau region is assumed at thicknesses in excess of 200 nm for the films produced by the constant current and constant potential methods, such a plateau is approached at significantly lower film thicknesses in the case of films prepared by the pulsed potential ͑ca. 60 nm͒ and the cyclic potential ͑150 nm͒ methods. In view of the fact that pH response of AIROFs is associated with proton diffusion into the microporous AIROF films, it is reasonable to infer that the pulsed potential method and, to some extent, the cyclic potential method yield films with more constricted and narrow pore structures impeding proton diffusion compared to films obtained by the other two methods. This general conclusion can also be illustrated by the maximum rate of response measured at a specific thickness. For example, the maximum rate of response exhibited by the 50 nm sensors obtained by the four methods can be estimated to be 16, 23, 7, and 14 V/s, respectively. Again, those sensors produced by the pulsed potential and cyclic potential methods exhibit slower response relative to the sensors produced by the other two methods.
A second electrochemical property that was found to vary with deposition method is the capacitance of the AIROF potentiometric sensors. Capacitance of potentiometric sensors has been addressed in our previous work. 34, 35 Briefly, when potentiometric sensors are employed in relatively small volume samples, the finite capacitance of a sensor may lead to an erroneous reading. This is because a change of a sensor's potential itself decreases the concentration of . ͑Color online͒ ͑A͒ set of calibration curves obtained with iridium oxide pH sensors deposited from oxalate containing Ir͑IV͒ chloride solutions by a constant current method ͑1͒, a single potential step method ͑2͒, a cyclic potential sweep method ͑3͒, and an alternating pulsed potential method ͑4͒. In all cases, the pH response is ca. 79 mV/pH unit. ͑B͒ shows the dependence of the intercept of the four calibration curve of ͑A͒ on the thickness of the iridium oxide films. 
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Journal of The Electrochemical Society, 156 ͑1͒ F1-F6 ͑2009͒ F4 the primary ion near its surface. To minimize this problem it is advisable to miniaturize sensors in order to reduce their total capacitance. We previously showed that, due to their internal porosity, the apparent capacitance of AIROF sensors scales not only with their area but also with their thickness. 34, 35 In cases mentioned above, it is thus advantageous to miniaturize sensors both in terms of their surface area and their thickness. Below we explore the effect of the deposition method on the intrinsic 3D capacitance ͑in F/cm 3 ͒ of iridium oxide sensors. Our approach relies on H + P-ETOF recorded under conditions of moderate generator current where the E vs t transients are not limited by the rate of sensor response. Because, as mentioned earlier, the recorded response is slower than that determined by the proton diffusion between the generator and sensor electrode, the delay is assigned to the capacitance of a sensor. Specifically, its value is obtained by fitting experimental transients using an explicit finite difference algorithm that takes into consideration sensor's capacitance. 37 In Fig. 7 , we show three H + P-ETOF transients obtained under identical conditions with three sensors of different thickness. Not surprisingly, the rise time of the transients correlates inversely with their thickness. The thick black trace exhibiting a minimal delay is a result of a simulation in which sensor's capacitance was assumed to be zero. Clearly, in comparison to that theoretical transient, or relative to the proton diffusion rate, all experimental transients show a substantially delayed response. The open-circle transients are theoretical fits to the experimental data with the sensors' twodimensional capacitance shown in Fig. 7 . We note that relative to our earlier report, our current fitting algorithm allows us to fit the entire E vs t transient. The resulting capacitance values listed in Fig.  7 are also greater than those previously reported for similar type sensors. 34, 35 This is due to an increased understanding of the secondary effects of large capacitances, such as an increase of ion flux resulting from a capacitive ion depletion near the sensor electrode. 37 The dependence of sensors' capacitance on their thickness and deposition method is shown in Fig. 8 . Approximately linear dependence of capacitance on film thickness was observed in all cases. To interpret data in Fig. 8 3 , respectively. Thus, the sensors obtained by the pulsed potential and the cyclic potential methods exhibit significantly lower intrinsic capacitances compared to those produced by the other two methods. This is due to the smaller porosity and an apparently smaller internal surface area of the former two sensors. This correlates well with their relatively slower rate of response discussed above ͑Fig. 6͒. Finally, it is worth noting that the plots of capacitance vs film thickness of sensors produced by the constant current and constant potential methods exhibit negative intercepts. The plots for the pulsed potential and cyclic potential methods do not. This is due to a less uniform deposition or a greater roughness of the sensors featured in Fig. 8a and b . Conversely, the sensors produced by the other two methods are more uniform in thickness.
Conclusions
The pH response of iridium oxide sensors was shown to be independent of the type of solution used and the deposition method. Unbuffered deposition solutions made with potassium hydroxide were unstable beyond a few hours unlike those in which pH was adjusted with potassium carbonate or sodium phosphate. The maximum rate of pH response for sensors of the same thickness was found to be at least somewhat smaller for the sensors produced by the pulsed potential and cyclic potential methods relative to those produced by the other two methods examined in this project. However, because of the uniformity of the sensing layers produced by the pulsed potential and cyclic potential methods, the thickness necessary for stable sensor function is smaller. We postulated that this can be explained by a relatively smaller porosity of those films. Consistently with this postulate, the sensors produced by the pulsed potential and cyclic potential methods were also found to exhibit smaller intrinsic capacitance relative to those produced by the other two methods. Figure 8 . Dependence of the capacitance on the thickness of iridium oxide sensors deposited by the ͑A͒ constant current, ͑B͒ constant potential, ͑C͒ pulsed potential, and ͑D͒ cyclic potential growth methods. The slope of the linear fits or the specific capacitance of the sensors are ͑A͒ 3000 Ϯ 200, ͑B͒ 8700 Ϯ 600, ͑C͒ 900 Ϯ 150, and ͑D͒ 1000 Ϯ 170 F/cm 3 .
